Dental biofilms (known as plaque) are notoriously difficult to remove or treat because the bacteria can be enmeshed in a protective extracellular matrix. It can also create highly acidic microenvironments that cause acid-dissolution of enamel-apatite on teeth, leading to the onset of dental caries. Current antimicrobial agents are incapable of disrupting the matrix and thereby fail to efficiently kill the microbes within plaque-biofilms. Here, we report a novel strategy to control plaque-biofilms using catalytic nanoparticles (CAT-NP) with peroxidase-like activity that trigger extracellular matrix degradation and cause bacterial death within acidic niches of caries-causing biofilm. CAT-NP containing biocompatible Fe 3 O 4 were developed to catalyze H 2 O 2 to generate free-radicals in situ that simultaneously degrade the biofilm matrix and rapidly kill the embedded bacteria with exceptional efficacy (>5-log reduction of cell-viability). Moreover, it displays an additional property of reducing apatite demineralization in acidic conditions. Using 1-minute topical daily treatments akin to a clinical situation, we demonstrate that CAT-NP in combination with H 2 O 2 effectively suppress the onset and severity of dental caries while sparing normal tissues in vivo. Our results reveal the potential to exploit nanocatalysts with enzyme-like activity as a potent alternative approach for treatment of a prevalent biofilm-associated oral disease.
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Introduction
Biofilms consist of highly organized clusters of bacterial cells that are firmly adherent to surfaces and enmeshed in a 3D matrix of extracellular polymeric substances, such as exopolysaccharides (EPS) [1, 2] . Many infectious diseases in humans are caused by biofilms [1] [2] [3] . Dental caries (tooth decay) is one of the most prevalent and costly biofilm-dependent oral diseases [4] [5] [6] . Caries-causing biofilms (or plaque) develop when virulent species, such as Streptococcus mutans and other bacteria, utilize dietary sugars to accumulate on tooth surface through EPS production, and acidify the local environment [4, 5] . S. mutans has been considered a key modulator in the disease process because it is the primary EPS producer in oral cavity, while being both acidogenic and aciduric [4] . The pathogens embedded in the EPS-rich matrix persist and produce highly acidic niches with pH values close to 4.5, which erode the enamelapatite on teeth and leads to the onset of dental caries [4] [5] [6] . The presence of extracellular matrix, with its local barriers and altered microenvironment reduces drug access, triggers bacterial tolerance to antimicrobials while enhancing the mechanical stability of the biofilms, making them difficult to treat or remove [2, 3, 4, 7] . Thus, novel approaches with enhanced efficacy at acidic pH values that could both disrupt the matrix and at the same time kill the bacteria embedded within plaque-biofilms would be highly desirable [8, 9] .
Current approaches against caries-causing (cariogenic) plaque-biofilm are restricted to conventional antimicrobials, including chlorhexidine (CHX), hydrogen peroxide and other chemical biocides that are incapable of degrading the EPS matrix or reducing enamel aciddissolution. Among them, CHX is considered the 'gold standard' oral antimicrobial agent [10, 11] . Although capable of killing bacterial pathogens in the planktonic state, CHX is far less effective against plaque-biofilms, does not prevent caries and is not suitable for daily use due to 1 2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 adverse effects, including tartar formation and tooth staining [10, 11] . Antimicrobial nanomaterials or nanoparticles provide a promising strategy to combat biofilm initiation by reducing bacterial viability and bacterial adhesion of pre-treated surfaces [8, 9, 12] . However, their biological activity is mostly restricted to antibacterial effects rather than causing matrix disruption, resulting in limited effectiveness once the biofilm is formed and the bacteria are protected by the surrounding milieu. Fluoride, the mainstay of caries prevention, does not offer complete disease protection [13] [14] [15] . Fluoride exerts its major effect by enhancing remineralization and reducing tooth enamel demineralization, but fluoride alone has limited effects against plaque-biofilms. The rapid advancement of nanotechnology offers new approaches that could be used to both control plaque-biofilms and prevent dental caries.
Catalytic iron oxide nanoparticles (CAT-NP) have been shown to exhibit intrinsic enzyme mimetic activity similar to natural peroxidases, which can activate H 2 O 2 in vitro [16] and thereby have been termed nanozymes [17] [18] [19] [20] . In this prior work, the catalytic activity was observed to arise from the nanoparticles themselves rather than released Fe 2+ /Fe 3+ via the Fenton reaction [21] [22] [23] [24] . Hydrogen peroxide (H 2 O 2 ) is commonly used for general cleaning and disinfection purposes (at concentrations as high as 10%) because it generates free radicals that exhibit antibacterial activity and could degrade polysaccharides [25] [26] [27] . However, H 2 O 2 by itself has modest anti-plaque or caries-preventive effects [26, 27] . Iron oxide nanoparticles have been widely used clinically as contrast agents for magnetic resonance imaging because of their high biocompatibility and ability to penetrate biological matrices such as those present in tumors and atherosclerotic plaques [28] [29] [30] . However, their potential role as nanocatalysts for therapeutic application in vivo remains unexplored. Here, we demonstrate the multi-functional and pHresponsive properties of CAT-NP capable of disrupting both plaque-biofilm formation and dental 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   5 caries development mediated by S. mutans. CAT-NP perform peroxidase-like activity at acidic pH values that rapidly catalyzes hydrogen peroxide (H 2 O 2 ) in situ to simultaneously degrade the protective biofilm EPS-matrix and kill embedded bacteria with exceptional efficacy (>5-log reduction of cell viability). Unexpectedly, CAT-NP itself exhibits an additional pH-dependent property that reduces apatite demineralization under acidic pH conditions in vitro. Furthermore, topical application of CAT-NP in combination with H 2 O 2 effectively suppresses the onset and severity of dental caries without causing deleterious effects on oral mucosal tissues in vivo.
Materials and methods

Materials
Chemicals and materials were supplied by Sigma-Aldrich unless otherwise specified.
Hydroxyapatite discs (surface area, 2.7±0.2 cm 2 ) were purchased from Clarkson Chromatography Products Inc. Amplex® UltraRed reagent was purchased from Thermo-Fisher Scientific.
Iron oxide nanoparticle synthesis and characterization
Catalytic iron oxide nanoparticles (CAT-NP) were synthesized in a solvothermal system and characterized as previously described [16] . Briefly, 0.82 g of FeCl 3 was dissolved in 40 ml of ethylene glycol to form a clear solution. Then, 3.6 g of sodium acetate was added to the solution with vigorous stirring for 30 min. The mixture was then transferred to a 50 ml Teflon-lined stainless-steel autoclave and incubated at 200 °C for 12 h. After the autoclave cooled down to room temperature, the precipitate was collected, rinsed several times with ethanol and then dried at 60°C for 3 h. The synthesized nanoparticles were characterized using scanning electron 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 microscopy (SEM, JEOL 7500F, JEOL USA, Inc., Peabody, MA, USA) and transmission electron microscopy (TEM, JEOL 2010F) at the Singh Center for Nanotechnology, University of Pennsylvania. The peroxidase-like activity was tested via an established colorimetric method sing 3,3',5,5'-tetramethylbenzidine (TMB) as substrate which generates a blue color with specific absorption at 652nm after reacting with free-radicals catalyzed by CAT-NP in the presence of hydrogen peroxide over time [16] . Briefly, the reaction mixt re of 500μl sodium acetate (NaOAc) buffer (0.1 M, pH 4.5) containing 20μg CAT-NP, 1% H 2 O 2 and 100μg of TMB was incubated at room temperature and the blue color produced was measured at 652 nm [20] .
Because the catalytic activity of CAT-NP is pH-dependent, we also examined the nanoparticle activity in NaOAc buffer at pH 5.5 and 6.5. Two additional substrates, 3,3-diaminobenzidine (DAB) and Amplex® UltraRed (568/581 nm), were used with same reaction conditions to confirm the activity of CAT-NP. In a separate experiment, we also tested the catalytic activity of CAT-NP and the leached iron ions at acidic pH. Sodium acetate buffer (0.1M, pH 4.5) containing 500 μg CAT-NP were incubated at room temperature for 0, 5, 30, 60 and 120 min.
The mixture was centrifuged, and the nanoparticle pellet and the supernatant were collected. The nanoparticles (resuspended in 0.1 M NaOAc buffer, pH 4.5) or supernatant was incubated with 1% H 2 O 2 and 100 μg TMB and the colorimetric reaction assessed as described above.
Oral biofilm model
Biofilms were formed using the saliva-coated hydroxyapatite disc model as described elsewhere, [7, 31, 32] and shown in Supplementary Fig. 1 . Streptococcus mutans UA159 cells, a proven virulent and well-characterized cariogenic pathogen, were grown in ultra-filtered (10-kDa cutoff;
Millipore, Billerica, MA) tryptone-yeast extract (UFYTE) broth at 37°C and 5% CO 2 to mid- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 exponential phase. Briefly, the hydroxyapatite (HA) discs were vertically suspended in 24-well plates using a custom-made wire disc holder [7] , and coated with filter-sterilized saliva for 1h at 37 o C [7, 31, 32] ; whole saliva was collected on ice, and it was clarified by centrifugation (8, 500 g, 4 o C, 10 min) followed by filter-sterilization (0.22 µm; ultra-low binding protein filter;
Millipore, Billerica, MA) as described previously [7, 32] . Then, saliva-coated HA (sHA) discs were placed in 2.8 ml of UFYTE culture medium with 1% (w/v) sucrose (pH 7.0) containing 10 5 colony forming units (CFU) of actively growing S. mutans cells per ml, and incubated at 37°C and 5% CO 2 for 19 h. The culture medium was then replaced with fresh medium at 19 h and at 29 h until the end of the experimental period (43 h). The biofilms were collected and analyzed by (i) means of fluorescence imaging using multi-photon confocal microscopy and computational analysis (COMSTAT and Image J), (ii) microbiological assessment via standard culturing for determination of CFU and (iii) biochemical analysis for polysaccharides quantification using colorimetric methods as detailed previously [7, [31] [32] [33] [34] .
Assessment of CAT-NP binding and activity within biofilm
Quantitative assessment of CAT-NP binding onto biofilm was performed with inductively coupled plasma optical emission spectrometry (ICP-OES). Biofilms were topically exposed to 2.8 ml of CAT-NP (0, 0.125, 0.25, 0.5, 1 or 2 mg ml -1 ) in 0.1 M NaOAc (pH 4.5) for 5 or 10 min at room temperature at specific time-points as described in Supplementary Fig. 1 . The treated biofilms were dip-washed three times in sterile saline solution (0.89% NaCl) to remove excess and unbound agents, and then transferred to the culture medium. At the end of the experimental period (43h), the biofilm was removed from sHA discs and homogenized via water bath sonication followed by probe sonication (30 s pulse at an output of 7W; Branson Sonifier 150, Branson Ultrasonics, Danbury, CT) as described previously [7, 35] ; the sonication procedure does not kill bacterial cells, while providing optimum dispersal and maximum recoverable counts. The homogenized suspension was centrifuged, and the biofilm pellet washed twice with water to remove unbound material. The pellet was then dissolved with 250 µl aqua regia (HC1/HNO 3 =3:1) at 60 o C overnight [28, 36] . Then, 4.75 ml Milli-Q water was added, and the sample analyzed by ICP-OES for iron content. Intact biofilms were also examined with environmental SEM (FEI 600 Quanta, FEI, Hillsboro, OR, USA) and iron analyzed via energy dispersive spectroscopy (EDS) on the same SEM. In a separate experiment, the catalytic activity of CAT-NP within intact biofilms was also assessed. Briefly, CAT-NP or vehicle-control (buffer) treated biofilms (at 43 h) were dip-washed with 0.1 M NaAc buffer (pH 4.5) three times and transferred to the reaction buffer (0.1 M NaOAc buffer (pH 4.5) containing TMB and H 2 O 2 only. After 10 minutes, the biofilms were removed and the colorimetric reaction assessed as described in section 2.2. In another experiment, we also assessed the catalytic activity of the insoluble and soluble fraction of the biofilm. Briefly, the homogenized biofilm was centrifuged, and the insoluble pellet and the supernatant were collected. The pellet was washed once with 0.5 ml of NaOAc buffer (pH 4.5), centrifuged and the supernatant combined. The pellet was resuspended in the same volume of the combined supernatant. Then, the pellet suspension and the supernatant (soluble fraction) were analyzed for iron amounts via ICP-OES and catalytic activity using colorimetric reaction with TMB and H 2 O 2 . For pH-dependent catalytic assay, the CAT-NP treated biofilms were dip-washed with 0.1 M NaAc buffer at various pH values (pH 4.5, pH 5.5 or pH 6.5) three-times, and then incubated in each of the corresponding pH buffer for 10 minutes. Then, the biofilm was transferred to the reaction buffer with each corresponding pH (pH 4.5, pH 5.5 or pH 6.5) containing TMB and H 2 O 2 for colorimetric assay. 
Spatial distribution of CAT-NP within intact biofilm architecture
We examined the spatial distribution of CAT-NP, bacterial cells and the EPS-matrix within intact biofilms (43 h) using methods optimized for biofilm imaging and quantification via multiphoton confocal microscopy and computational analysis [7, 31, 32] . Briefly, 1 µM AlexaFluor 647-dextran conjugate (647/668 nm; Molecular Probes) was added to the culture medium during the formation of S. mutans biofilm. The fluorescently-labelled dextran is directly incorporated during EPS matrix synthesis over the course of biofilm development, but does not stain the bacterial cells [7, 31, 32] . The bacterial cells in the biofilm were stained with 2.5 µM SYTO 9 green-fluorescent nucleic acid stain (485/498 nm; Molecular Probes). The CAT-NP was detected via their inherent non-linear optical property using multiphoton confocal microscopy [37] . The imaging was performed using multi-photon Leica SP5 microscope with 20×LPlan (numerical aperture, 1.05) water immersion objective. The excitation wavelength was 780 nm, and the emission wavelength filter for SYTO 9 was a 495/540 OlyMPFC1 filter, while the filter for Alexa Fluor 647 was an HQ655/40M-2P filter. The excitation wavelength for CAT-NP was 910 nm which did not excite SYTO 9 or Alexa Fluor 647. The confocal images were analyzed using software for simultaneous visualization and quantification of EPS, bacterial cells and CAT-NP within intact biofilms. Amira 5.0.2 (Mercury Computer Systems Inc., Chelmsford, MS) was used to create 3D renderings of each component (EPS, bacteria and CAT-NP) of the biofilms for visualization of the 3D architecture while COMSTAT and ImageJ were used for quantitative analysis as described previously [7, 31] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   10 
Biofilm disruption and glucan degradation with CAT-NP activated H 2 O 2
To assess the anti-biofilm efficacy of CAT-NP bound within biofilms, the sHA discs and biofilms were topically treated twice-daily by placing them in 2.8 ml of CAT-NP (0.5 mg ml -1 ) in 0.1 M NaOAc (pH 4.5) or vehicle-control (buffer only) for 5 or 10 min as described in Supplementary Fig. 1 . After each treatment, the biofilms were washed 3 times with sterile saline to remove unbound material, and transferred to the culture medium. At the end of the experimental period (43 h), the CAT-NP and vehicle treated biofilms were placed in 2.8 ml of H 2 O 2 (0.1 to 1%) or water. After hydrogen peroxide exposure, the biofilms were removed and homogenized as described in section 2.4, and subjected to microbiological and biochemical analysis as detailed previously [7, [31] [32] [33] [34] [35] . The total number of viable cells in each of the treated biofilms was determined by CFU, while the water soluble and water insoluble EPS were extracted and quantified via colorimetric assays [7, [31] [32] [33] [34] [35] . We also examined the dynamics of biofilm disruption after topical treatments with CAT-NP followed by H 2 O 2 exposure at 19 h, 29 h and 43 h. The biofilm 3D architecture, the EPS and bacterial cell accumulation were analyzed via confocal microscopy and computational analysis as described in section 2.5. For assessment of EPS degradation in vitro, 100 µg of (insoluble or soluble) glucans produced by purified glucosyltransferases B or C (GtfB or GtfD [42] ) were mixed with each of the treatment solutions (in 0.1 M NaOAc, pH 4.5) and incubated at 37 o C for 30 min. After reaction, the amount of reducing sugars was determined by the Somogyi-Nelson colorimetric assay [31, 33] .
Saliva-coated HA beads acid-dissolution and iron release assays
In this acid-dissolution assay, 10 mg of sHA beads were incubated in 1 ml of 0.1 M NaOAc buffer (pH 4.5) containing 0.5 mg ml -1 CAT-NP for 2 h with rocking at room temperature. Then, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   11 the supernatant was removed and sHA beads were resuspended again in fresh 1 ml of acidic NaOAc buffer and incubated as described above. The same procedure was conducted with sHA beads without CAT-NP (control) as well as with sHA beads (with or without CAT-NP) in 0.1 M NaOAc buffer at pH 7.0. An aliquot of sHA immediately before and after acid-dissolution was taken and analyzed via optical microscopy (OM) and SEM. In parallel, the remaining sHA beads were oven-dried and weighed for determination of dry-weight. The remaining dry-weight of sHA treated with CAT-NP was compared to control group to evaluate the efficiency of reduction of demineralization. For iron release assay, 0.5 mg ml -1 CAT-NP was incubated in 0.1 M NaOAc (pH 4.5) at room temperature for 0, 3, 5, 10, 30, 60, 120 min, respectively. The mixture was centrifuged and the supernatant was collected for iron concentration measurement using Iron Assay Kit (Sigma-Aldrich) or ICP-OES. The iron release in 0.1 M NaOAc (pH 7) was conducted as control following the same procedure described above.
Biocompatibility assessments
The in vitro biocompatibility of CAT-NP was investigated in BJ5ta and primary oral epithelial [38] . In brief, 10,000 cells were seeded in each well and then the plate was incubated in a CO 2 incubator until confluence for 24 hours. Then, the cell monolayer was 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   12 washed once with sterile phosphate buffered saline (PBS). 100 µl of different concentrations of CAT-NP (i.e. 10, 50, 100 and 500 µg ml -1 ) prepared in cell culture media were added to 6 wells per concentration. Then the plate was incubated in a CO 2 incubator for 5 minutes to mimic the exposures to biofilms as described above. The cell culture media was then removed from each well, the cell monolayer was washed twice with PBS, and 100 µl of complete cell culture media was added to each well. After 24 hours of incubation the cell culture media was removed and the cell monolayer was washed with PBS. 20 µl of MTS reagent and 100 µl of complete cell culture media were added to each well and the plate was placed in a CO2 incubator for 1 hour. At that point, the absorbance at 490 nm was recorded using a micro-plate reader. The relative cell viability was calculated compared to control.
In vivo efficacy of CAT-NP/H 2 O 2
Animal experiments were performed on a well-established rodent model of dental caries disease as described previously [35, 39, 40] . Briefly, Sprague-Dawley rats, 15 days old, were purchased with their dams from Harlan Laboratories (Madison, WI, USA). Then, the animals were infected orally using an actively growing (mid-logarithmic) culture of S. mutans UA159, and their infection was checked via oral swabbing. To simulate a clinical situation, we developed a combination therapy consisting of 1-minute topical treatment of CAT-NP (at 0.5 mg ml -1 ) immediately followed by H 2 O 2 (at 1%, w/v) exposure (CAT-NP/H 2 O 2 ). Thus, the infected animals were randomly placed into treatment groups (12 animals/group), and their teeth were treated topically twice daily using a custom-made applicator. The treatment groups included: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   13 Institutes of Health cariogenic diet 2000 and 5% sucrose water ad libitum. The experiment proceeded for 3 weeks (21 days); all animals were weighed weekly, and their physical appearance was noted daily. All animals gained weight equally among the experimental groups and remained in good health during the experimental period. At the end of the experimental period, the animals were sacrificed, and the jaws were surgically removed and aseptically dissected; the left jaws were sonicated in sterile saline solution and S. mutans infection in all groups were confirmed as determined using culturing (selective mitis salivarius with bacitracin medium) and qPCR (quantitative polymerase chain reaction) methods (S. mutans specific probe) as described previously [31] [32] [33] [34] [35] . All of the jaws were defleshed, and the teeth were prepared for caries scoring according to Larson's modification of Keyes' system [32, 35, 39] . Determination of caries score of the codified jaws was performed by a calibrated examiner. Furthermore, both the gingival and palatal tissues were collected and processed for hematoxylin and eosin (HE) staining for histopathological analysis by an oral pathologist (Dr. Faizan Alawi, Penn Oral Pathology). This study was reviewed and approved by the University of Pennsylvania Institutional Animal Care and Use Committee (IACUC #805529).
Statistical Analysis
Statistical analyses for the experimental data were performed in SAS 9.5 (SAS Institute) as described previously [32] . For the in vitro studies, treatments were compared using regression models to obtain overall tests of equality and pairwise comparisons. The significance was set at 5%, and no adjustments were made for multiple comparisons. For the animal study, an analysis of outcome measures was done with transformed values of the measures in order to stabilize 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   14 variances [32] . The data were then subjected to analysis of variance (ANOVA) in the Tukey-Kramer test for all pairs. The level of significance was set at 5%.
Results
CAT-NP are retained within biofilm structure following topical treatments
Effective retention of nanoparticles within plaque-biofilm and in situ activity are required for biological efficacy in vivo [8, 9, 35] . Thus, we first examined whether CAT-NP are retained within biofilms following topical treatments with short-term exposures (5 or 10 min) ( Supplementary Fig. 1 ). We synthesized CAT-NP 213 ± 26 nm in diameter with intrinsic peroxidase-like activity ( Supplementary Fig. 2 ). Biofilms were formed on saliva-coated hydroxyapatite (sHA) surfaces (tooth enamel-like material) using S. mutans, a well-established biofilm-forming, acidogenic and matrix-producing oral pathogen [4] ( Supplementary Fig. 1 ). To mimic a pathogenic situation, biofilms were formed in the presence of sucrose, which provides a substrate for EPS synthesis and acid production [4] ; pH values reaches 4.5-5.0 in our biofilm model (by measuring the pH of the culture medium as well as via Beetrode pH electrode [40] or fluorescence pH analysis [7] ), consistent with plaque pH at diseased sites in humans [41, 42] ).
We observed that CAT-NP bind to biofilms as demonstrated by scanning electron microscopy ( Fig. 1b ) and energy dispersive spectroscopy (Fig. 1b2) , and quantified via inductively coupled plasma optical emission spectrometry (Fig. 1c) . The binding of CAT-NP to biofilms reached a plateau at 0.5 mg ml -1 (Fig. 1c ) since higher concentrations did not lead to significant increases in the amount of iron in the biofilms. To determine retention and the spatial distribution of CAT-NP within intact biofilm 3D architecture, we used multiphoton confocal microscopy and computational analysis [7, 31] . The EPS and bacterial cells were labelled with an Alexa Fluor   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 647 (in red) and SYTO 9 (in green), while CAT-NP (in white) were detected via their inherent non-linear optical property [37] (Fig. 1d-i) . The in situ imaging revealed that nanoparticles were effectively retained throughout the biofilm structure following topical treatments ( Fig. 1e-i) .
Quantitative analysis across the biofilm thickness (from top to bottom) showed that most of the nanoparticles were found between 25 and 150 µm depth (Fig. 1j) , where both EPS and bacterial biomass are most abundant (Fig. 1k ).
CAT-NP efficiently catalyze H 2 O 2 in situ
We then investigated whether CAT-NP attached to biofilms were capable of catalyzing the breakdown of H 2 O 2 at acidic pH (pH 4.5) to produce free radicals in situ, as determined by a colorimetric method sing 3,3',5,5'-tetramethylbenzidine (TMB) [16] . The nanoparticles bound to biofilms catalyzed the reaction of TMB (which serves as a peroxidase substrate) in the presence of H 2 O 2 to produce a blue color ( Fig. 2a) , with maximum absorbance at 652 nm, as a result of free radical generation. The experiment was repeated using an additional peroxidase substrate (di-azo-aminobenzene) to further confirm peroxidase-like activity in CAT-NP treated biofilms ( Supplementary Fig. 3 ). Consistent with the amount of CAT-NP adsorbed within the biofilm, the highest catalytic activity was achieved at concentrations between 0.5 to 2.0 mg ml -1 , under the conditions tested ( Fig. 2a ). Increases in activity were relatively small for concentrations higher than 0.5 mg ml -1 , therefore we selected this dose for further experiments since 0.5 mg ml -1 exhibited high catalytic activity with a relatively low amount of the nanoparticle. Because H 2 O 2 catalysis by CAT-NP depends on pH [16] ( Supplementary Fig. 4 ), we measured the peroxidase-like activity of the biofilm-bound nanoparticle when incubated in buffer with pH values varying from 4.5 to 6.5. After incubating the biofilms in each of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   16 buffers, the catalytic activity was determined using TMB in the presence of H 2 O 2 in the buffer at the specific pH values. We found that CAT-NP attached to biofilms exert greater catalytic efficiency at acidic pH (4.5-5.5) ( Fig. 2b) .
Previous work demonstrated that the activation of hydrogen peroxide by iron oxide nanoparticles is due to activity from the iron oxide nanoparticles themselves as opposed to the H 2 O 2 breakdown caused by Fe 2+ /Fe 3+ Fenton reaction [16] . Others have also shown that the catalytic activity is derived from iron oxide nanoparticles rather than released iron ions [17, [21] [22] [23] [24] . However, since our experiments focus on a novel setting with low pH (i.e. cariogenic biofilms), we studied the contribution of free iron ions to the observed catalytic activity. First, we observed trace amounts of free iron leached from either CAT-NP in acidic pH buffer (pH 4.5) ( Supplementary Fig. 5 ) or in the soluble-fraction of the CAT-NP-treated biofilm ( Supplementary   Fig. 6 ). Furthermore, the catalytic activity of the solution-phase and soluble-fraction was minimal ( Supplementary Fig. 5 and 6 ). Altogether, the data show that CAT-NP are retained within biofilms following brief topical applications, and display pH-dependent catalysis of H 2 O 2 in situ.
CAT-NP activates H 2 O 2 for rapid bacterial killing and EPS degradation amplifying antibiofilm efficacy
We next examined whether CAT-NP mediated H 2 O 2 catalysis and generation of free-radicals in situ can kill embedded bacteria and degrade the EPS-matrix within biofilms. Biofilms treated with CAT-NP (0.5 mg ml -1 ) were immediately exposed to low concentrations of H 2 O 2 (0.1 to 1%, v/v), and the number of viable cells and EPS content determined (Fig. 3a,b and Supplementary Fig. 7) . We observed an exceptionally strong biocidal effect against S. mutans 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   17 within biofilms, with >99.9% killing in 5 minutes; exposure of CAT-NP treated biofilms with 1% H 2 O 2 caused >5-log reduction of viable cells compared to control biofilms or CAT-NP treated biofilms without H 2 O 2 (Fig. 3a) . The combination of CAT-NP and H 2 O 2 was >5,000-fold more effective in killing S. mutans biofilm cells than H 2 O 2 alone (Fig. 3a) , suggesting a synergistic effect between CAT-NP and H 2 O 2 to potentiate the killing efficacy of the agents. We also found that the H 2 O 2 activation by CAT-NP is several-fold more effective in killing biofilm cells than chlorhexidine at 0.12% (v/v; typical concentration used clinically [10, 11] ) ( Supplementary Fig. 8 ).
Given that free-radicals produced from H 2 O 2 catalysis can also degrade polysaccharides in vitro [43] , we hypothesized that the amount of EPS in the CAT-NP treated biofilms would be reduced in situ following exposure to H 2 O 2 . Biochemical analysis revealed that the amounts of insoluble and, to a lesser extent, soluble EPS were significantly reduced compared to control and to either H 2 O 2 or CAT-NP alone (Fig. 3b) . The insoluble EPS are comprised primarily of α1,3linked glucans while soluble EPS are mostly α1,6-linked glucans, which are produced by S. mutans-derived glucosyltransferases (Gtfs) [44] . Therefore, we further examined whether p rified extracell lar gl cans prod ced by GtfB (which synthesizes α1,3-linked glucans) and
GtfD (α1,6-linked glucans) are degraded following incubation with CAT-NP in the presence or absence of H 2 O 2 . Fig. 3c shows that both glucans (particularly from GtfB) were broken down as determined by measuring the amount of glucose released from the polysaccharide following 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18
Dynamics of biofilm disruption after topical treatments with CAT-NP/H 2 O 2
Since we have shown that CAT-NP are retained within biofilms and catalyze H 2 O 2 in situ for enhanced biofilm disruption, we developed a clinically feasible combination therapy consisting of topical treatment of CAT-NP (at 0.5 mg ml -1 ) immediately followed by H 2 O 2 (at 1%, v/v) exposure (CAT-NP/H 2 O 2 ), twice daily. The treatment regimen was initially tested in vitro to assess whether biofilms could be disrupted by CAT-NP in combination with H 2 O 2 . Confocal microscopy imaging revealed that treatments with CAT-NP/H 2 O 2 impaired both the accumulation of bacterial cells (in green) and the development of EPS-matrix (in red) ( Fig. 4a,b ; Supplementary Fig. 9 ). While 5 minutes CAT-NP treatments followed by H 2 O 2 exposure twicedaily achieved near complete inhibition of biofilm formation by S. mutans, even as little as 1minute exposure caused significant disruption of biofilm accumulation ( Supplementary Fig.10 ).
In contrast, topical treatments with CAT-NP or H 2 O 2 alone had limited anti-biofilm effects in vitro, consistent with synergistic potentiation when these agents are used in combination.
Biocompatibility of CAT-NP in vitro
We also assessed the effect of CAT-NP on the cell viability of oral epithelial cells and fibroblasts. We tested a range of concentrations (10-500 μg/ml) sing a similar protocol to that used against the biofilms, i.e. a 5 min exposure time, followed by 24 hours of incubation with fresh cell culture media ( Supplemental Fig. 11 ). The viability of these cells was unaffected by any of the concentrations tested, suggesting the biocompatibility of these nanoparticles, as observed in previous studies [28, 29, 36] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   19 
The combination of CAT-NP and H 2 O 2 effectively suppresses dental caries in vivo
In the human mouth, therapeutic agents are applied topically, which poses a challenge because such agents should avoid rapid clearance and be retained for sufficient duration to exert their effects. Given the exceptional topical anti-biofilm effects we observed in vitro, we tested whether CAT-NP/H 2 O 2 could suppress the onset and severity of dental caries in vivo using a rodent model of the disease [35, 39, 40] . We applied our agents topically (orally-delivered; 100 µL per rat) twice-daily for 3 weeks, with a short exposure (1-minute) time to be amenable with the animal model and to simulate more closely the clinical use by humans. In this model, teeth progressively develop carious lesions (analogous to those observed in humans), proceeding from initial areas of enamel demineralization (Fig. 5a , green arrow) to further destruction (blue arrows), leading to the most severe lesions characterized by cavitation (red arrow).
CAT-NP/H 2 O 2 treatments were highly effective in disrupting caries development.
Quantitative caries scoring analyses revealed that CAT-NP/H 2 O 2 significantly attenuated both the initiation (Fig 5b) and severity (Fig 5c) of the lesions (vs. vehicle control; P ≤ 0.001), and completely blocked extensive enamel damage, preventing the onset of cavitation. In sharp contrast, treatments with H 2 O 2 alone were without significant effect, while CAT-NP showed some reduction of the severity of carious lesions (vs. vehicle-control; Fig. 5b,c) . Importantly, we observed no deleterious effects on rats that received topical applications of CAT-NP/H 2 O 2 . All animals treated with CAT-NP/H 2 O 2 gained body weight similarly to those treated with vehiclecontrol (buffer). Furthermore, histopathological analysis of gingival and palatal tissues from CAT-NP/H 2 O 2 -treated animals showed no sign of harmful effects, such as proliferative changes, inflammatory responses, and/or necrosis, when compared to vehicle-treated animals ( Supplementary Fig. 12 ). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 20 Surprisingly, we found that CAT-NP alone could reduce the severity of caries lesions to some extent in the above animal experiment. Iron ions appear to inhibit dental caries, possibly by interfering with the enamel demineralization process in addition to antibacterial effects [45, 46] .
We observed that trace amounts of iron ions can be released from CAT-NP when incubated at acidic pH (4.5), but not at pH 7.0 (Fig. 6a) . Therefore, we investigated whether CAT-NP could reduce apatitic dissolution at acidic pH. Saliva-coated hydroxyapatite (sHA) beads were incubated in acidic sodium acetate buffer (pH 4.5) with or without CAT-NP, and then examined by measurement of the amount of remaining sHA as well as via SEM after acid incubation (Fig.   6b ,c). sHA beads without CAT-NP were almost completely dissolved. In contrast, aciddissolution of sHA was significantly reduced in the presence of CAT-NP. As expected, sHA beads incubated in sodium acetate buffer at pH 7.0 (with or without CAT-NP) were devoid of any demineralization (data not shown). These findings suggest CAT-NP may perform an additional pH-dependent mechanism to help prevent the development of dental caries by directly reducing apatite demineralization under acidic conditions.
Discussion
Despite the high prevalence of dental caries worldwide, current antimicrobial therapies (such as CHX) have limited anti-caries efficacy [8] [9] [10] [11] [12] [13] [14] [15] , resulting in expenditures of >$40 billion annually in the US alone [6] . Dental caries is a pathological process characterized by the ability of biofilm matrix-embedded bacteria to firmly adhere and persist on a surface, modifying the local microenvironment [4] [5] [6] 44] . Cariogenic biofilms can create highly acidic milieu that erode the enamel apatite of teeth via acid-dissolution, eventually leading to cavitation [4-6, 41, 44] .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   21 New nanotechnologies have expanded the opportunities to control such harmful biofilms, which include antibacterial nanoparticles or coatings on dental materials [8, 9, 12, 47] . Furthermore, nano-apatites are capable of enhancing remineralization of early carious lesions, although they are devoid of anti-biofilm actions [8] . In this study, we have developed a novel multi-functional approach with both anti-plaque and anti-caries properties using nanoparticles with catalytic properties (termed nanocatalysts). It integrates a biocompatible and pH-responsive strategy that facilitates matrix disruption, enhances anti-bacterial action within plaque-biofilms, and at the same time reduces apatite dissolution under acidic conditions.
As summarized in Fig. 7 , our approach has 5 major biological effects: (1) CAT-NP are retained within 3D biofilm structure after brief topical exposure; (2) CAT-NP rapidly catalyze low concentrations of H 2 O 2 at acidic pH to produce free radicals in situ that simultaneously (3) degrade EPS and (4) kill bacteria embedded within biofilms. Furthermore, (5) we unexpectedly found a new property for CAT-NP that can reduce acid dissolution of hydroxyapatite. Thus, compared to other antimicrobial nanomaterials, such as silver nanoparticles, it provides an important additional mechanism for caries prevention. It is noteworthy that the treatment time is critical when assessing the efficacy of topical agents for clinical therapy, such as mouthwash, toothpastes or gels. In our experiments, as little as 1-minute exposure of CAT-NP/H 2 O 2 displayed potent therapeutic activity in a rodent caries model. To our knowledge, this work presents original evidence to exploit nanocatalysts for in vivo activation of an antimicrobial agent to create a potent plaque-biofilm disruptor and caries preventive therapy for topical use.
The effective retention and pH-responsive properties of CAT-NP provide unique benefits to our approach such as localized deposition of the nanoparticles over time and in situ bioactivity when pH becomes acidic. Such properties have the potential for sustained pH-activation of H 2 O 2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   22 at sites of S. mutans colonization and active sugar metabolism [4, 5, 44] . We demonstrated that CAT-NP with enhanced catalytic activity at acidic pH potentiated the killing efficacy of H 2 O 2 against S. mutans within biofilms, while the free-radical generation was substantially attenuated at higher pH values (e.g. pH 6.5). Although leached free iron ions and H 2 O 2 can produce free radicals via Fenton reaction, only trace amounts of free irons are available, which have a very small contribution to the overall catalytic activity, consistent with previous studies [16, 17, [21] [22] [23] [24] ]. In addition, previous studies have shown that repeated reaction of H 2 O 2 on the nanoparticle surface does not affect its catalytic activity [48, 49] , indicating that H 2 O 2 exposure (especially in the context of short-term biofilm treatments) may not cause nanoparticle degradation. Thus, the intact CAT-NP played a major role as a nanocatalyst [17] to activate H 2 O 2 catalysis to degrade biofilm matrix and kill bacteria in our experiments.
The reduction of insoluble EPS (primarily glucans) is highly relevant because glucans comprise up to 20% of dental plaque dry-weight, form the core of the extracellular matrix and have been associated with dental caries both in rodent models and in clinical studies [as reviewed in 44] . Our data suggest that glucans are degraded via oxidative cleavage through generation of radical oxidants from CAT-NP activation of H 2 O 2 . Interestingly, insoluble glucans (rich in α1,3linked glucose) appear to be degraded more effectively than soluble glucans (comprised primarily of α1,6-linked glucose). The reasons why α1,3 linkage is more susceptible to cleavage than α1,6-linkage and the exact mechanisms by which free radicals generated in situ break-down the EPS matrix remain unclear. Studies on EPS structure, such as linkage and compositional analyses, shall reveal the exact identity of the glycosidic bond cleavage sites and the degraded end products. Furthermore, the mechanisms of bacterial killing can be determined by examining oxidative stress, DNA damage and other processes in response to CAT-NP/H 2 O 2 in a dose- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   23 dependent manner. Future investigations on the effects of CAT-NP/H 2 O 2 on additional matrix components (e.g. fructans, eDNA and proteins) as well as against other bacteria (including spirochetes, lactobacilli and other cariogenic species) using mixed-species biofilm models akin to in vivo situation are certainly warranted.
Although the leached iron is a small fraction of the total, with minimal contribution to catalysis, the trace iron released by CAT-NP at acidic pH values can help reduce hydroxyapatite acid-dissolution. The effects may be related to the ability of iron ions to incorporate into the apatitic crystal by reacting with phosphate and creating a barrier of ferric phosphate that could prevent demineralization [46, 50, 51] . However, detailed studies using human tooth enamel combined with X-ray diffraction and microhardness/micro-Computed Tomography testing are needed to elucidate how CAT-NP affect enamel structure and/or disrupt apatite acid-dissolution.
Collectively, the data indicate that the combined anti-plaque effects of CAT-NP activation of H 2 O 2 with inhibition of apatitic acid-dissolution help to thwart the onset and progression of dental caries in vivo. Although there are some limitations of the rodent model due to monoinfection with S. mutans, it is noteworthy that the rat harbors complex and mixed oral flora even after infection with S. mutans. In the rodent model of the disease, initial caries develops in 7-10 days and reaches moderate to severe lesions in 21 days. The combination therapy reduced both the initiation and the extent of carious lesions severity, preventing the onset of cavitation altogether. Although the disease process is not completely blocked, further enhancement of CAT-NP/H 2 O 2 efficacy as well as inclusion of fluoride in the system may lead to full prevention of dental caries. Ultimately, our therapeutic approach should reach maximum therapeutic effects with a 1-minute (or less) exposure time, and its efficacy evaluated in clinical studies. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   24 The acid-pH activated properties of CAT-NP may also alleviate safety concerns regarding unmitigated free-radical production, and possible damage to host oral tissues at physiological pH values. Iron oxide nanoparticles exhibit lower catalytic activity or iron release at neutral pH [16] .
Indeed, we observed that there were no signs of deleterious effects on the animals' body weight or to the soft oral tissues following CAT-NP/ H 2 O 2 treatments even up to 21 days in the rodent model. These observations are consistent with previous studies indicating high biocompatibility of iron oxide nanoparticles to other human cells and tissues [28-30, 52, 53] as well as to oral epithelial cells in vitro ( Supplementary Fig. 11 ). Furthermore, iron oxides are commonly used as food additives and iron-oxide nanoparticles formulations, such as Feraheme, are FDA-approved for chronic treatment [52] [53] [54] [55] . Nevertheless, full toxicity studies should be conducted in vivo to determine the long-term effects of daily topical applications of CAT-NP/H 2 O 2 .
Conclusion
In summary, we have developed a novel therapeutic strategy based on catalytic nanoparticles with peroxidase-like activity and validated its in vivo efficacy with H 2 O 2 for treatment of dental caries, a prevalent and costly biofilm-associated oral disease. The CAT-NP activation of H 2 O 2 can effectively disrupt biofilm EPS matrix and simultaneously kill bacteria in acidic microenvironments in a short time for biofilm control and caries prevention. Intriguingly, CAT-NP by itself is also capable of reducing hydroxyapatite demineralization in vitro, which can contribute directly in attenuating the severity of carious lesions in vivo. Furthermore, free-radical generation is acid pH dependent, and CAT-NP/H 2 O 2 showed no deleterious effects on oral mucosal tissues in vivo following daily oral topical treatments. Our approach may have broader 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 25 reach as EPS are major components of matrices in many biofilms [1, 2] and acidic pH microenvironments can be found in other pathological conditions [56, 57] , such as in cystic fibrosis and Staphylococcal infections [4, 5, 56, 57] , which pose significant challenges for antibiofilm drug efficacy [2, 3] .
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Data are shown as mean ± s.d. *P ≤ 0.001 (vs. control); ** P ≤ 0.05 (vs. control); δ indicates non-detected. 
